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Water pollution has become a serious problem that human beings have to face 
nowadays. The degradation of phenolic and dye compounds in polluted water is highly 
demanded but experiences big challenges. This work focuses on the two research topics of 
photocatalytic application. One is the actual performance of titanium dioxide in 
purification of the industry wastewater with complicated phenolic components. The other is 
the crucial role of reactant adsorption on the photocatalyst in the wastewater treatment. 
Therefore, titanium dioxide nanowires with different crystal structures were synthesized by 
the hydrothermal method and calcination at various temperature of 550 ℃, 600 ℃, 650 ℃, 
700 ℃, 725 ℃ and 750 ℃ firstly, referred to as NW550, NW600, NW650, NW700, 
NW725 and NW750, respectively. Among the synthesized catalysts, NW650 exhibited the 
highest photocatalytic activity in phenolic compounds degradation. Under the optimized 
condition (catalyst concentration of 0.4 mg/L and solution pH of 7.0±0.2), the total-organic-
carbon (TOC) of the wastewater could be reduced from 28 ppm to 5 ppm by NW650 under 
sunlight excitation in one hour. The high performance liquid chromatography (HPLC) has 
revealed the photocatalytic degradation process, in which the phenolic compounds were 
firstly decomposed to small organic molecules and finally mineralized into inorganic 
substances. The excellent photocatalytic stability and sediment character of the sample in 
the repeating tests have witnessed the great potential of catalyst in the practical wastewater 
treatment applications. Secondly, layered titanate was found to be highly active to adsorb 
methylene blue (MB) molecules. Typically, 90% of MB could be adsorbed from water by 
titanate catalyst within 2 min and removed by both thermal oxidation and photocatalytic 
degradation, suggesting a new strategy for the wastewater treatment by combining the rapid 
pollutant adsorption and followed catalyst regeneration. All the measured results were 
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Chapter 1 Introduction 
Nowadays, water pollution has become one serious problem due to the industry 
development and excessive human activities. The contaminant substances vary from 
inorganics to organics, including heavy metal ions, herbicide and pesticide, alkanes, 
aliphatic compounds, aromatic compounds, detergents and surfactants[1], which are harmful 
to human health and nature balance. 
Phenolic compounds are the common chemicals not only used in plastics, resins, 
adhesives, iron, steel, aluminium, and leather industry, but also used as disinfectants in 
household cleaning products and consumer products such as mouthwashes, gargles and throat 
sprays[2]. However, as a class of disinfectant, phenolic compounds have a similar structure 
close to the common pesticides which are resistant to biological degradation. When they are 
discharged into environment, especially water resources, severe environmental troubles will 
be induced because of their toxicity and low bio-degradability. It has been reported that fish, 
which lived in phenolic compounds polluted lakes and streams, had a revolting flavour and 
bad smell [3]. Moreover, phenolic compounds could lead to health problems in human body, 
such as liver damage, hemolyticanemia, paralysis and severe injury to the internal organs[4]. 
Phenolic compounds have been listed as one priority contaminant by Agency for Toxic 
Substances and Disease Registry-USA (ATSDR) in2007. The maximum allowable limit for 
phenol concentration in water as set by Environmental Protection Agency (EPA) is 4 mg/L 
[5]. Therefore, effluents containing phenolic compounds must be decontaminated prior to 
releasing into water resources. Different treatment technologies have been developed to deal 
with the phenolic compounds in water, such as carbon adsorption [6, 7], membrane process 
[8, 9], solvent extraction [10, 11], chlorination [11, 12], biodegradation [13, 14] and 
photocatalytic degradation [15-17]. Among these technologies, photocatalytic degradation 
method has attracted great attention because of the following advantages: (1) completely 
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mineralizing organic pollutants to harmless secondary products, such as CO2, water, and 
mineral acids; (2) no waste solid produced, and (3) ambient operating conditions [17]. 
Some semiconductors, such as TiO2, ZnO, were used as photocatalysts in recent decades. 
When the organic compound/photocatalyst mixtures are irradiated by the photons with the 
photon energy higher than the band gap of the photocatalysts, the conduction band electrons 
and valence band holes could be generated and diffused to the photocatalyst surface, leading 
to the oxidization of the organic compounds to less harmful ones. TiO2 nanoparticle is the 
most common photocatalyst used to degrade organic pollutants [18]. However, the 
application of TiO2 nanoparticle photocatalyst in water treatment has experienced series of 
technical challenges: (1) It is difficult to separate TiO2 nanoparticles from the water after 
treatment [19]; (2) only UV light could be used by TiO2 nanoparticles [20]. To solve these 
problems, different attempts were performed. Some researchers loaded TiO2 on magnetic 
materials such as Fe3O4 for easy separation from water. Some decoration methods were used 
to extend the light response range of TiO2 to visible light region, such as doping transition 
metal ions [21, 22], functioning TiO2 with complexes and dyestuff [23, 24], modifying TiO2 
with other semiconductors [25] and supporting activated carbon, alumina silicates and zeolite 
on the surface [26-28]. 
Changing the morphology of TiO2 is also a good way to broaden light response 
spectrum [29] and improve the catalyst separation. One-dimensional TiO2 nanowires (NWs) 
have been found with higher activity than the TiO2 nanoparticles due to the enhanced 
visible-light harvesting capabilities, less grain boundaries, and lower e--h+ recombination 
rate [29]. However, up to date, the practical application of TiO2 nanowires for the phenolic 
compounds polluted water treatment has not been investigated yet and thus requires exploring. 
Dyes are extensively used in leather, textiles, plastics, paper, and food industries [30] 
which are also potential environmental hazards since they involves a variety of carcinogenic 
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organic chemicals[31]. Thus, dye-contaminated wastewater becomes one of the most serious 
environmental problems. Various adsorbents such as activated carbons, carbon nanotubes, 
graphene oxide, zeolites, clays, industrial by-products, agricultural waste, biomass and 
polymeric materials have been used to remove the dyes from wastewater [32]. Recently, 
layered protonated titanates (LPTs) have attracted intensive attention for their unique and 
alterable layered structures and extremely large surface area for selective adsorption of 
organic dyes. Xie et al. synthesized layered protonated titanate hierarchical microspheres 
with extremely large surface area (450 m
2
/g) for selective adsorption of methylene blue [33]. 
It suggested a new strategy for the wastewater treatment by combining the rapid pollutant 
adsorption and followed catalyst regeneration. 
To solve the environmental problems of phenolic compounds and dyes polluted 
wastewater as described above, experiments were carried out in this master dissertation. 
Firstly, TiO2 nanowires, which exhibit high photocatalytic efficiency under sunlight 
conditions, were synthesized and applied to photo-degradate phenolic compounds in 
wastewater sample provided by GE Company. The basic chemicals in the water was listed in 
Table 1-1. The reaction process and the influence factors in the photo-degradation reactions 
were investigated. Secondly, inspired by the methods used to prepare titanate nanobelts by 
hydrothermal treatment of TiO2 with NaOH solution, we synthesized LPTs by potassium 
titanate sand the followed ion exchange. The synthesized LPTs exhibited high performance in 
adsorption of methylene blue in water. The outline of this thesis was organized as following: 
Chapter 1 provides the literature review and the main objects of the research project; Chapter 
2 reports the practical application of TiO2 nanowires for phenolic compounds polluted 
wastewater treatment; Chapter 3 introduces the removal of methylene blue by LPTs, and 





Table 1-1 Properties of the water sample (provided by GE company) 
Items Value(ppm) Items Value(ppm) 
Phenolic Compounds, as Phenol 19.5 Copper, Total, as Cu <0.001 
Silica, Total, as SiO2 0.028 Iron, Total, as Fe <0.001 
Temperature, Lab Measured 23°C Sodium, as Na <0.001 
Ammonia, Free as N 55 Potassium as K <0.001 
pH 10.2 Aluminum, Total as Al <0.001 
Specific Conductance, at 25°C  183µmhos Manganese, Total, as Mn <0.001 
Alkalinity, "P" as CaCO3 207 Nitrite, as NO2 <0.01 
Alkalinity, "M" as CaCO3 258 Nitrate, as NO3 <0.01 
Sulfur, Total, as SO4 <0.5 Phosphate, Total, as PO4 <0.5 
Sulfate, as SO4 0.04 Phosphate, Ortho-,as PO4 <0.03 
Chloride,as Cl 0.04 Cyanide as CN 0.03 
Hardness, Total, as CaCO3 <0.001 Fluoride, as F  
Calcium Hardness, Total, as 
CaCO3 
0.005 Carbon, Total Organic, as C 28 
Magnesium Hardness, Total, as 
CaCO3 
<0.005 COD 83 
Turbidity 0.2 NTU Barium, Total, as Ba <0.001 






Chapter 2 Photocatalytic degradation of phenolic compounds in 




Phenolic-compounds polluted water was provided by GE company, TiO2 nanoparticles 
(diameter of 25-35nm) were purchased from MTI Corporation. Sodium hydroxide (NaOH) 
was purchased from Goodrich Chemical Enterprise PTE. LTD. (Singapore), hydrogen 
chloride (HCl) was provided by RCI Lab Scan Limited (Thailand). All the chemicals were 
analytical grade and used without further purification. 
2.1.2 Preparation of nanowires (NWs) 
TiO2 NWs were synthesized by a hydrothermal process [34]. Briefly, 1 g commercial 
TiO2 nanoparticles were added into 50 mL of 6 M NaOH solution and sonicated for 
dispersion in NaOH solution. The mixture was transferred into a Teflon-lined autoclave and 
heated at 180 °C for 24 h. During the hydrothermal process, the autoclave was rotated up and 
down by a motor at a speed of 20 rpm to keep the reactants uniform. After cooling to room 
temperature, the white products were collected by centrifugation (6000 × g for 10 min) and 
washed thoroughly with deionized water until the pH = 7. Following that, the products was 
immersed in 0.1 M HCl solution for 24 h to exchange Na
+
 ion with H
+
 ion and washed with 
deionized water to neutral. After drying in vacuum at 60 °C, the titanate nanowires were 
calcined in Muffle furnace for 3 h at 550 °C, 600 °C, 650 °C, 700 °C, 725 °C, and 750 °C, 
respectively, marked as NW550, NW600, NW650, NW700, NW725, and NW750. 
2.1.3 Characterization of synthesized materials 
The morphology and structure of the samples are determined by SEM (JEOL-6500F) 
and TEM (JEM-3010). XRD patterns of the samples were recorded on a Panalytical X'pert 
XRD system using Cu Kα radiation at 30 kV and 100 mA. 
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2.1.4 Photocatalytic experiments 
The photocatalytic degradation experiments were carried out by using a 500W Xenon 
lampas a light source. The light source device was put 10 cm above the reaction solution. 
The light intensity was measured to be 100 mW/cm
2
 by a solar power meter (MELLES 
GRIOT, US). A beaker with volume of 250 mL was employed as the solution container. The 
reaction suspensions were well-mixed by a magnetic stirrer and maintained at 20 °C in all 
experiments by a cooling water circulator to remove the heat generated from infrared 
radiation in the light spectrum. The schematic diagram of the photocatalytic experimental 
set-up was shown in Figure 2.1. 
 
Figure 2.1Schematic diagram of the photocatalytic experimental set-up 
 
In a typical test, 8 mg catalyst was dispersed into 20 mL wastewater and irradiated by 
the light source for a given duration. 3 mL suspension was sampled and the solid catalyst 
was removed by a 0.22 μm polyether sulfone filter. 2.5 mL filtrate was used for the residual 
pollutant concentration analysis. Effect of water pH on the photocatalytic efficiency was 
tested by different initial pH of 10.3 and 4.7. To optimize the photocatalyst concentration in 
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the photo-degradation, experiments with various catalyst concentrations from 0.1 mg/mL to 
0.5 mg/mL were conducted. Moreover, oxygen gas (>99.99) was bubbled into the reaction 
system continuously during the photo-degradation process to investigate the effect of 
dissolved oxygen concentration on the photocatalytic treatment process. Each test was 
repeated for 3 times to get the average results and error bar. 
2.1.5 Detection of TOC 
Total Organic Carbon (TOC) of the wastewater was measured by using a Total Organic 
Carbon analyser (Agilent) under room temperature. By different UV light exposure duration, 
3 mL of the suspension was collected and filtered through a 0.22 μm polyether sulfone 
membrane to remove the catalyst. The water samples were then diluted to measure TOC.  
2.1.6 Kinetics of the degradation process 
To investigate the degradation process of the phenolic compounds, the composition 
change in the wastewater with different light irradiation intervals was analysed by a high 
performance liquid chromatography (HPLC, Agilent 1100, USA) equipped with a 
Diamonsil C18 column and a diode-array UV detector. The detailed method was: flow phase: 
acetonitrile/deionized water = 30:70, flow rate = 0.2 mL/min, stop time = 60 min, UV 
detection wavelength was 270 nm. The rate of TOC decline was calculated. The pH of the 
treated water sample was monitored. 
 
2.2 Results and discussion 
2.2.1 Structure of the TiO2 NWs 
As is shown in Figure 2.2, the morphologies of the samples were obtained by SEM, 
which exhibit wire-like morphology with smooth surface. The width and length of the NWs 
ranged from 40 to 100 nm and 2 µm to10 µm, respectively. It has been reported that titanate 
could transform into anatase TiO2 under high temperature calcinations[35]. XRD pattern in 
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Figure 2.3 and Raman spectra in Figure 2.4 recorded the transformation process. Accordingly, 
the titanate fully transformed into anatase TiO2 when the calcination temperature is higher 
than 700 ℃. When calcination temperature is 650 ℃, the nanowires contain both anatase and 
titanate structure. 
Figure 2.5 displays the TEM images of NW650. The results indicated that high 
temperature calcination could not destroy the morphology. Moreover, two sets of lattice 
fringes with spacing of 0.35 nm and 0.19 nm were observed and in agreement with anatase 
TiO2 crystal plane of {101} and {200}, respectively.  
 
Figure 2.2 SEM images of synthesized materials, (a) NW550, (b) NW600, (c) NW650, (d) 
NW700, (e) NW725, (f) NW750 
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Figure 2.3 XRD pattern of synthesized materials 
 




























Figure 2.5 TEM images of NW650 at different (a, b) magnifications 
 
2.2.2 The properties of the phenolic compounds polluted water 
The water sample provided by the GE company is a transparent liquid without 
suspending substance. To further examine the chemical properties of the water sample, water 
sample with different pH was analyzed by using UV-vis spectrophotometer from 200 nm to 
500 nm, and the results were displayed in Figure 2.6, the original water with pH of 10.3 had 
strong light absorption at around 270 nm in UV region (black line), which indicated certain 
organics may be contained in the water sample. According to Table 1-1, the water sample 
contained 19.5 ppm of phenolic compounds (as phenol). The light absorption at 270 nm was 
probably attributed to phenolic compounds. In order to verify our hypotheses, the UV-Vis 
spectrum of phenol solution with concentration of 20 mg/L was inserted (dark cyan line), 
which was close to the light spectrum of the wastewater. 
The stability of the water sample without the presence of photocatalysts was investigated. 
By titrating drops of 0.1 M HCl, the pH of the water can be set to 4.7 and 6.8. Water samples 
with pH of 4.7 (acidulous) and 6.8 (neutral) possessed similar UV-Vis spectra (red and blue 
line), but different from that of original water (black). It indicates that some kinds of 
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chemical reactions have happened when pH changes. Furthermore, when the original water 
sample was irradiated by sunlight for 2 h, the pH changed from 10.3 to 8.2 and the UV-Vis 
spectrum of the sample (pink) is close to that of the acidulous and neutral water samples, 
which indicates the light irradiation could also trigger the reactions in the water and the 
product water possesses the similar impurities/pollutants as that in the acidulous and neutral 
ones. It provides a stable feature of the water samples for the use of results analysis in the 
following photocatalytic experiments. 




















 Original water sample (pH=10.3)
 Water sample (pH=4.7)
 Water sample (pH=6.5)
 Phenol (20 mg/L)
 Water sample irradiated by solar light for 2 h
          (pH=8.2) 
 
Figure 2.6 The UV-Vis spectra of the water samples 
 
2.2.3 Photocatalytic efficiency of TiO2 NWs in phenolic compounds decomposition 
The photocatalytic efficiency of catalyst samples for phenolic compounds polluted water 
treatment was investigated and the results were presented in Figure 2.7. Photocatalysts 
(NW550-750) with concentration of 0.4 mg/L was irradiated by sunlight for 20 min and the 
concentration of phenolic compounds were monitored by the absorption peak in UV-vis 
spectra at 270 nm. Under the same experimental conditions, NW650 exhibits the highest 
photocatalytic degradation efficiency compared to NW700, NW725, and NW750. It may be 
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due to the synergetic effect between tianate and anatase TiO2 in NW650, which is similar to 
that in P25 TiO2 (80% anatase and 20% rutile) samples, since it has been reported that the 
remarkable coexistent effect of rutile and anatase would arise from the increase in the charge 
separation efficiency due to photo-induced interfacial electron transfer from anatase to rutile 
[36, 37]. The NW550 and NW600 exhibited lower photocatalytic efficiency than NW650 on 
water sample, which were mainly attributed to that titanate materials had lower 
photocatalytic activity than that of anatase TiO2 [38]. Thus, the NW650 was selected as the 
optimized photocatalyst to degrade the phenolic compounds in polluted water. 






























Figure 2.7 The degradation rate of NW650, NW700, NW600, NW550, NW725, NW750 on 
phenolic compounds polluted water. Catalyst concentration 0.4 mg/mL, water pH 6.85, 
irradiation time 20 min 
 
The concentration of the phenolic compounds with the different irradiation time was 
investigated and the results were shown in Figure 2.8, where the light absorption at 270 nm 
decreased quickly with the increased irradiation time. The light absorption at 270 nm 
completely disappeared after 45 min light illumination, this suggested that phenolic 
compounds were completely decomposed.  
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To further examine the quality of the photocatalytic treatment, the Total Organic Carbon 
(TOC) of the water sample was measured as shown in Figure 2.9. In the blank experiments 
without catalyst, the TOC of the water sample did not decrease during the irradiation. This 
suggested that organic pollutants in the water sample were not decomposed by the sunlight 
irradiation through the UV-Vis spectra change. However, the TOC declined to around 5.0 
ppm when NW650 presented in the water sample. This indicated that NW650 exhibited 
excellent photo-degradation efficiency.  
























Figure 2.8 Temporal spectral changes of phenolic compounds in water sample under sunlight 



















 with NW 650




Figure 2.9 TOC of the water sample photo-degraded in the presence and absence of NW650 
at different time intervals. Catalyst concentration 0.4 mg/mL 
 
To conveniently calculate the TOC value of treated water sample by using UV-vis 
spectrum of the water, the TOC of the water sample photo-degraded at different time 
intervals was detected in three independent experiments by TOC analyser, and then the 
relationship between TOC and the UV-vis absorption peak integration of the water sample 
was fitted, Figure 2.10 shows the fitting results. As can be seen, the TOC and UV-vis 
absorption peak integration were well fitted in linear relationship (R
2
> 0.98), which were well 
fitted by linear functions shown in Equation 2-1, and Equation 2-2: 
𝑦 = 0.28𝑥 + 6.93                                                          (2– 1) 
𝑦 = 0.20𝑥 + 5.05                                                          (2– 2) 
Where y is the TOC of water detected by TOC analyser at different photocatalytic treatment 
intervals, ppm; x is the corresponding UV-vis absorption peak integration of the water sample. 
Equation 2-1 is the fit for the UV-vis absorption peak integration from 200 nm to 500 nm, 
and Equation 2-2is the fit for that from 185 nm to 500 nm. 
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Figure 2.10 The relationship between TOC and UV-vis absorption peak integration 
 
2.3 Factors influence the photo-degradation efficiency 
In order to obtain the best performance of the catalyst for the photocatalytic 
decomposition application, the effect of some factors, including pH of water sample, catalyst 
concentration and dissolved oxygen in water, were investigated. 
2.3.1 Effect of pH 
The effect of pH on photo-degradation efficiency of NW650 was displayed in Figure 
2.11. As can be seen, under the same irradiation condition and catalyst concentration, the 




Figure 2.11 Effect of initial water sample pH on photocatalytic efficiency of NW650. 
Photocatalyst concentration 0.4 mg/L, irradiation time 30 min, irradiation time 30 min 
 
2.3.2 Effect of photoatalyst concentration 
The effect of photocatalyst concentration on the photocatalytic efficiency was presented 
in Figure 2.12. It was observed that when the catalyst concentration was about 0.4 mg/mL, 
the degradation efficiency of the catalyst reaches a constant, which is dependent on the 
maximum output of the light source, since the high density of catalyst would absorb the light 
completely.  





















 Original water sample
 Water sample (Initial pH=4.7)
 Water sample (Initial pH=10.3)
 Water sample (Initial pH=6.8)
Catalyst Concentration: 0.4mg/ml






























 Catalyst concentration 0.1 mg/mL
 Catalyst concentration 0.2 mg/mL
 Catalyst concentration 0.3 mg/mL
 Catalyst concentration 0.4 mg/mL
 Catalyst concentration 0.5 mg/mL
 
Figure 2.12 Effect of photocatalyst concentration on the photocatalytic efficiency of NW650. 
Initial water pH 10.3, irradiation time 30 min 
 
2.3.3 Effect of dissolved oxygen 


















 Original water sample (pH=10.3)
 First test
 Repeat test
 Repeat test bubbled with O2
 
Figure 2.13 Effect of dissolved oxygen on the photocatalytic efficiency of NW650. Initial 
water pH 10.3, catalyst concentration 0.4 mg/L, irradiation time 30 min 
 
In order to investigate the effect of dissolved oxygen in the photocatalytic 
decomposition process. Oxygen (>99.99) was continuously bubbled into the reaction system 
during treatment process, and the results were shown in Figure 2.13. At first, similar 
photocatalytic decomposition experiments were repeated to check the error bar of the 
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experiment (blue line). The result showed the high precision of the photocatalytic process 
(the consistent red and blue line). In the third test, oxygen was bubbled into the solution 
during the photocatalytic process and the consistent result (dark line) was obtained, indicating 
that the amount of dissolved oxygen in the water samples is sufficient for the photo-
degradation tests. 
 
2.4 Kinetics of the photo-degradation process 
To clarify the degradation process of the phenolic compounds, the TOC removal rate of 






𝑑𝑡𝐶 𝑡                                  (2–3) 
Where D is the active sites density on catalyst surface, A is the specific area of the catalyst, C 
is catalyst concentration, ß is the mass density of the decomposed reactant molecule layer, 𝐼 
is the coverage ratio of adsorption sites, V is the volume of the initial reactant, dt is a short 
interval around time t, C(t) is the concentration of reactant at time t, dm is the degraded mass 
of reactant during dt time interval. 
It is assumed that V, D, A, ß, and I did not change during the reaction process, then 




= 𝑘𝑡                                        (2–4) 
Where C0 is the initial concentration of reactant, 𝑘 = 𝐷𝐴𝐶𝛽𝐼/𝑉 is the removal rate constant 
of TOC. 
Figure 2.14 displays the results of the TOC removal rate during the reaction process. 
The removal process could be divided into two stages: the first stage was from 0 min to 30 
min, and the removal rate is 0.019; the second stage was from 30 min to 60 min, and the 
removal rate is 0.025 which is higher than that of first stage. The phenolic compounds could 
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be degraded into small organic molecules (such as formic acid and acetic acid) at first stage 
and be finally decomposed into CO2 in the second stage [17, 39].  
 
Figure 2.14 TOC degradation rate of NW650 for water sample 





























Figure 2.15 HPLC pattern of the treated water sample 
 
Figure 2.15 shows the HPLC result of the water sample at different photocatalytic 
treatment intervals. The phenolic compounds declined gradually with the increased light 





































irradiation time and completely disappeared after irradiated for 30 min, which indicated that 
phenolic compounds were completely decomposed after 30 min. The results were in 
consistent with the results concluded from the calculation of TOC removal rate. 
 














 Initial water  pH=4.7
 Initial water  pH=10.3
 
 
Figure 2.16 pH of the water sample during photo-degradation process 
 
To further explore the degradation process of the phenolic compounds, the pH of the 
water sample was measured during the photo-degradation process and the results were 
presented in Figure 2.16. The pristine water with high pH became neutral after photocatalytic 
treated for about 30 min, which indicated that some acidic substances maybe generated 
during the treatment process. When the light irradiation time increased further, the pH of the 
water sample remain at about 6.5. The results confirmed that the phenolic compounds was 
firstly decomposed into small organic substances such as some organic acids, and then further 
degraded into other substances. 
In summary, the process of photo-degradation of phenolic compounds comprised two 
stages. In first stage, phenolic compounds were decomposed to small organic substance ssuch 
as organic acids; in second stage, the generated small organic substances were further 




2.5 Photocatalysts stability 
The recycle use of NW650 in the water treatment was investigated and the results were 
shown in Figure 2.17. The similar photo-degradation efficiency was obtained when the 
catalyst sample was reused in the second time, which indicated that the catalyst sample 
exhibited good potential for recycle use. 
 





















 Original water sample pH=6.8
 First test
 Second test by reusing the same catalyst
 
 
Figure 2.17 The photo-degradation efficiency of NW650 during recycling process. Catalyst 
concentration 0.4 mg/mL, irradiation time 30 min. 
 
2.6 Conclusion 
 Titanate nanowires were synthesized. NW650 exhibited the highest photocatalytic 
activity in phenolic compounds decomposition under sunlight irradiation. Moreover, the 
TOC of the treated water declined from 28 ppm to around 5 ppm in 1 hour. 
 NW650 with concentration of 0.4 mg/L and pH =7.0±0.2 performed the highest 
photocatalytic efficiency for phenolic compounds. The dissolved oxygen in the 
experiments has no effect on the photocatalytic efficiency. 
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 The photo-degradation process of phenolic compounds comprises two stages. In the first 
stage, phenolic compounds were decomposed into small organic substances; in the second 
stage, the small organic substances were further degraded into inorganic substances. 








The reagents used in this experiment are TiO2 P25 nanoparticles (Degussa Evonik), 
Potassium hydroxide (KOH, Goodrich Chemical Enterprise PTE. LTD. (Singapore)), 
hydrochloric acid (HCl, RCI Lab Scan Limited (Thailand)), Methylene blue (MB, Alfa 
Aesar). All the chemicals were analytical grade and used without further purification. 
3.1.2 Preparation of layered titanate nanobelts (TNBs) 
TNBs were synthesized by a hydrothermal process. Briefly, 1 g commercial TiO2 
nanoparticles (anatase, 99.999%) were added into 50 mL KOH solution with different 
concentrations (3M, 5M, 7M, 10M, 12M, 14M) and sonicated for full dispersion. The 
mixture was then transferred into a Teflon-lined autoclave and annealed at 180 °C for 24 h. 
During the hydrothermal process, the autoclave was rotated up and down by a motor at a 
speed of 20 rpm to keep the reactants uniform. After cooling to room temperature, the white 
products were collected by centrifugation and washed thoroughly with deionized water until 





 ion and washed again with deionized water to neutral. After drying in vacuum at 
60 °C, the titanate nanobelts were calcined in Muffle furnace for 3 h at 450 °C, 550 °C, 
650 °C, 700 °C, which were respectively marked as TNB450, TNB550, TNB650, and 
TNB700, the pristine titanate nanobelts without calcination was marked as TNB0.  
3.1.3 Characterization of synthesized materials 
The morphology and structure of the samples were determined by SEM (JEOL-6500F) 
and TEM (JEM-3010). XRD patterns of the samples were recorded on a Panalytical X'pert 
XRD system using Cu Kα radiation at 30 kV and 100 mA. The surface areas of the samples 
were measured using an Autosorb-Iq analyser (Quanta Chrome Instruments U.S.). 
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3.1.4 Adsorption experiments 
Adsorption kinetic experiments were performed to determine the contact time for 
equilibrium. Specifically, 7 mg of TNB0 was dispersed into 20 mL MB solution with 
concentration of 10 mg/L and stirred magnetically. 2 mL was sampled at a series of time 
intervals to determine the concentration of absorbed MB. 
Adsorption experiments were also conducted to screen out the absorption capacity of the 
samples. The adsorption capacities of the materials prepared with different KOH 
concentrations and different TiO2 concentrations were compared. And the adsorption ability 
of TNB0, TNB450, TNB550, TNB650, and TNB700 was investigated. 
Batch adsorption experiments were also performed to calculate the adsorption and 
desorption rate. Specifically, different masses of TNB0 were dispersed in 20 mL MB 
solutions under 25 
o
C for adsorption equilibrium. The equilibrium concentration of MB was 
measured by using a UV-vis spectrophotometer. All the adsorption experiments were 
performed for 3 times and the average results and error bar were obtained. A Beer–Lambert 
diagram was established to analyse the adsorption results. 
3.1.5 Catalyst regeneration and cycling use 
Four consecutive adsorption regeneration cycles were performed to test the stability of 
TNB0. The adsorption processes were carried out by the same procedures as in the batch 
experiment for 30 min. The catalyst was regenerated by high temperature (400 ℃and 650 ℃) 
calcination for 3 h.  
 
3.2 Results and discussion 
3.2.1 Characterization of layered titanate nanobelts 
The morphology of the prepared materials was investigated by using SEM and TEM. 
The crystal structure was identified by XRD. Figure 3.1 shows the SEM images of TNB0, 
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TNB0 samples calcinated at various temperatures, and the TEM images of TNB0. TNB0 
exhibited a belt-like structure with a typical diameter of 35-40 nm and a length of several 
hundreds of nanometers. The nanobelts were bundled and aggregated, forming secondary 
interlayer structures with a few micrometers. The lattice fringes correspond to the interlayer 
spacing and the spacing was approximately 0.74 nm by TEM (Figure 3.1 (f)) observation. It 
was consistent with the results reported by Cortie, M.B., et al.[40]. By calcination below 
550 ℃, the morphology of the nanobelts changes little. When the temperature was higher 
than 650 ℃, the bundle nanobelts became ravelled out. Especially, small particles with 
diameter of 25-50 nm were generated when the temperature reached 700 ℃. Similar 
phenomenon has been observed by Amano et al. [41], they revealed that hydrochloric acid 
washing decreased the thermal stability of one-dimensional potassium titanate, since 
calcination of this potassium-poor sample at 700 ℃ resulted in collapse and conversion of the 
one-dimensional structure into spherical particles. 
Figure 3.1 SEM images of (a) TNB0, (b) TNB450, (c) TNB550, (d) TNB650, (e) TNB700 




























Figure 3.2 XRD patterns of synthesized materials 
 
Figure 3.2 displays XRD pattern of the prepared samples. TNB0 exhibited a pattern of 
broad peaks with weak intense. The pattern was similar with previously reported patterns for 
H-rich titanate nanowires obtained by acid washing of potassium titanate which synthesized 
by hydrothermal treatment of P25 with an aqueous KOH solution at 170 ℃ for 7 days [40] 
and 110 ℃ for 20 h [41].According to the standard patterns of the Joint Committee on 
Powder Diffraction Standards (JCPDS), the XRD pattern of TNB0 best matched with 
H2Ti4O9·H2O (PDF#00-036-0655). Phase transformation caused by the increased calcination 
temperature was observed in Figure 3.2. When the calcination temperature was higher than 
550 ℃, the titanate transferred into anatase. The diffraction peaks of the samples became 
sharper and sharper when the calcination temperature was higher than 650 ℃. 
 
3.2.2 Optimization of the prepared nanomaterials 
 
The concentration of MB was measured by examining the absorbance in UV-visible 
spectra at 670 nm [42] or 665 nm [43] or 663 nm [44] in previous studies. The absorbance at 
664 nm was selected to monitor the concentration of MB in aqueous dispersion. To screen 
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out the most effective adsorption ability of the samples, experiments were conducted by using 
the samples prepared by different concentrations of KOH and P25 in the hydrothermal 
process. The results were present in Figure 3.3. The samples prepared by using 7 M of KOH 
and 1 g of P25 exhibited highest adsorption capacity in 30 min. Therefore, the optimized 
concentration of KOH for the synthesis of sample was 7 M. 
To further optimize the synthetic scheme, titanate nanobelts were prepared by using 
different masses of P25 and 7 M of KOH under hydrothermal conditions and the adsorption 
ability was displayed in Figure 3.4. The light absorbance intensity at 664 nm was almost the 
same among the materials prepared using different masses of P25 and 7 M of KOH. This 
indicated that when the concentration of KOH was 7 M, the effect of P25 mass on the 
adsorption ability could be negligible. Thus 1g of P25 and 7 M of KOH hydrothermal treated 
at 180 ℃ for 24 h was determined as the final synthetic scheme of the titanate nanobelts in 
our study. 
The effect of calcination temperature on the MB adsorption ability of the synthesized 
nanobelts was evaluated and the results presented in Figure 3.5. The adsorption efficiency of 
the nanobelts decreased with the increase of the calcination temperature. It has been reported 
that the specific surface area of the titanate materials synthesized by KOH gradually 
decreased with elevation of calcination temperature up to 773 K and significantly decreased 
when anatase crystallites were formed at 873 K [41]. Figure 3.6 shows the effect of 
calcination temperature on the BET specific surface area of samples. The initial nanobelts, 
TNW0, exhibited relatively large surface area of 276.867m
2
/g. The surface area gradually 
decreased when calcination temperature up to 450 ℃ and significantly decreased when 
anatase crystallites were formed at 550 ℃. However, TNB700 still exhibited a large surface 
area of 58.9 m
2
/g, which was higher than commercial P25 (47.5 m
2
/g) reported in previous 
study [40]. The relationship between sample specific surface area and MB adsorption 
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efficiency was shown in Figure 3.7. It indicates that high temperature calcination has resulted 
in the decreased specific surface area of the samples and thus led to decreased adsorption 
efficiency. 


























Figure 3.3 Adsorption ability of synthesized titanate by using different concentration of KOH 
and 1 g of P25. Adsorbent concentration 0.4 mg/L, contact time 30 min 
 













 0.3g P25+7M KOH
 0.5g P25+7M KOH
 0.7g P25+7M KOH
 1.0g P25+7M KOH




Figure 3.4 Adsorption ability of synthesized titanate by using different masses of P25 and 7M 
KOH.MB concentration 10 mg/L 
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Figure 3.5 Adsorption efficiency of prepared nanobelts calcinated under different 
temperatures. MB concentration 10 mg/L 


































Figure 3.6 The effect of calcination temperature on the BET specific surface areas of 




Figure 3.7 The relationship between BET specific surface area and MB adsorption efficiency. 
MB concentration 10 mg/L, Adsorbent concentration 0.4 mg/L, contact time 30 min 
 
3.2.3 Adsorption kinetics 
The process of MB removal was illustrated in Figure 3.8. Total MB concentration 
reduced from 10 mg/L to below 1 mg/L within approximately 2 min and equilibrium could be 
obtained in 15 min. The final MB concentration reached to 0.2 mg/L, indicating that the 
TNB0 exhibited strong adsorption ability within short time. 


































































Figure 3.8 MB absorption kinetics by TNB0. Adsorbent dose 0.35 mg/mL, temperature 25 ℃，
initial pH 7.0 
 
MB adsorption tests with varied adsorbent concentration were also carried out to 
evaluate the adsorption ability of the TNB0 and the results were presented in Figure 3.9. The 
reactant adsorption model was built based on the Langmuir adsorption theory and the kinetic 
equilibrium equation was represented as Equation 3-1: 
C ∞ = C0 − ρDACc
KaC ∞ 
Kd + KaC ∞ 
                                     (3– 1) 
Where ―C ∞ ‖ is the equilibrium concentration―C0‖ is the initial reactant concentration. ―ρ‖ 
is the mass density of the adsorbed reactant molecule layer. ―D‖ is the active sites density on 
adsorbent surface. ―A‖ is the specific area of the adsorbent. ―Cc‖ is adsorbent concentration. 
―Ka‖ is the adsorption coefficient and ―Kd‖ is the desorption coefficient. 
Through exponential fitting of Equation 3-1, the value of Ka = 0.11, and Kd =0.009 
could be obtained (R
2
=0.98), Ka is ten times as much as Kd, indicating that the TNB0 was a 
strong adsorbent [34]. 
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Figure 3.9 The MB equilibrium concentrations versus adsorbent concentrations. Initial 
solution pH = 7.0 ± 0.1, MB concentration 10 mg/L, contact time 30 min 
 
3.2.4 Sample regeneration and recycle use 
 
Two methods were used to regenerate the materials: the first one is to calcine catalysts 
under 400 ℃ after use; the second one is to regenerate the catalysts by light irradiation. 
When TNB0 was regenerated under 400 ℃ calcination, the adsorption efficiency of 
TNB0 for MB throughout four consecutive cycles was investigated and the results were 
shown in Figure 3.10. The adsorption efficiencies of TNB0 slightly decreased with the 
increase of reused cycles. However, even in the fourth cycle, greater than 96 % of MB could 
be removed by TNB0 within 30 min. To investigate whether the phase of the material 
transformed after recovery of TNB0 by high temperature calcination, XRD pattern of the 
recovered materials was presented in Figure 3.11. XRD pattern of TNB0 before and after 
recovered under 400 ℃ calcination is almost the same, indicated that the phase of the TNB0 
was not transformed after calcinated under 400 ℃.The results indicated that TNB0 exhibited 
good potential for repeated use. Figure 3.11 shows the colour of the water before and after 
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treated by TNB0, as can be seen, the water could completely discolour after treated for 30 
min. 
When TNB0 was regenerated under 650 ℃ calcination, the surface area of the material 
decreased (decreased from 276.867 m
2
/g to 107.106 m
2
/g) and then resulted in the decrease 
of adsorption efficiency (24%) of the material. However, the material could perform photo-
degradation of MB after regenerated, and the completely discolour of MB polluted water 
could occur after light irradiation for 45 min (Figure 3.13), We suggest that when the 
calcination temperature was 650 ℃, the titanate completely transferred to anatase TiO2 and 
anatase TiO2 has higher photocatalytic activity than titanate [38]. 





























Figure 3.10 MB removal efficiency by TNB0 during different recycle process. MB 
concentration 10 mg/L, adsorbent dose 0.35 mg/mL, contact time 30 min 
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Figure 3.11 XRD pattern of TNB0 before (black line) and after recovered under 400 ℃ 




Figure 3.12 Separation of adsorbent from water by centrifugation, (a) before separation, (b) 









Figure 3.13 Colour of the water before (a) and after (b) photocatalytic treated by TNB0 
regenerated at 650℃. Material dose 0.2 mg/mL, MB concentration 10 mg/L 
 
3.3 Conclusion 
Layered titante nanobelts were synthesized and exhibited strong adsorption of MB. The 
adsorption capacity of the samples decreased with the increasing calcination temperature, 
which resulted from the decreased specific surface area of the sample by the high temperature 
calcination. The pristine sample of TNB0 performed the highest adsorption ability. 90% of 






Chapter 4 Conclusions 
Titanate nanomaterials with one-dimensional belt morphology were synthesized and 
calcinated at different temperatures (550 ℃, 600 ℃, 650 ℃, 700 ℃, 725 ℃ and 750 ℃) to 
obtain serial samples marked as NW550, NW600, NW650, NW700, NW725, and NW750. 
The samples remain the belt-like structure and the sample of NW650 exhibited the highest 
photocatalytic efficiency in phenolic compounds decomposition under solar irradiationwith 
concentration of 0.4 mg/L and pH of 7.0±0.2. Moreover, the TOC of the water sample can 
decrease from 28 ppm to 5 ppm in 1 h. The process of photo-degradation of phenolic 
compounds composes two stages. In the first stage, phenolic compounds was decomposed to 
small organic substances. In the second stage, the small organic substances were further 
degraded into inorganic substances. 
Layered titante nanobelts were synthesized and exhibited strong adsorption of MB. The 
adsorption capacity of the samples decreased with the increasing calcination temperature, 
which resulted from the decreased specific surface area of the sample by the high temperature 
calcination. The pristine sample of TNB0 performed the highest adsorption ability. 90% of 
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